Recent epistemological shifts in environmental geography have created a space to consider the interactions between ecological and urban systems more seriously. But while openness to thinking about urban ecosystems has increased in recent years, there are still fundamental gaps in our knowledge. For example, recent research has examined the impact of urban-rural gradients on ecological conditions, but major voids exist regarding the relationship between urban development patterns and land cover heterogeneity, particularly for new forms of urbanization.
INTRODUCTION
Environmental geography has historically neglected the study of cities in favour of locales where the human-environmental interface is most exposed-in particular, spaces where resources are extracted or harvested from the earth (Robbins et al. 2001; Slocombe 2000) . This anti-urban bias historically influenced the field of ecology as well, albeit for slightly different reasons; ecologists have been sceptical about the usefulness of studying ecological systems that are so polluted and altered by human intervention (Luck and Wu 2002) . Cities have thus been framed as supremely un-natural , and remained the purview of 'purely' social scientists-urban geographers, planners, and sociologists in particular.
In recent years, the urban-nature dualism has begun to break down as both environmental geographers and ecologists become interested in the unique contexts that cities pose for environmental research. Part of this shift is epistemological, influenced by years of geographers challenging the notion that nature is everything non-human (Smith and O'Keefe 1980) . Part of the shift is related to policy concerns as the world's population continues to urbanize at rapid rates. Regardless of the specific reasons, it is clear that environmental geographers and ecologists are concerning themselves with cities as never before (Botkin and Beveridge 1997; McIntyre et al. 2000; Robbins et al. 2001; Zipperer et al. 2000) .
But while openness to thinking about urban ecosystems has increased in recent years, there are still fundamental gaps in our knowledge about human-environmental interactions in urban settings. Those studies that have occurred tend to examine one ecological component (i.e. soil, vegetation, air quality) in a city or conduct studies analyzing biophysical flows across a city, while paying relatively little attention to human components (Alberti 2005; McIntyre et al. 2000; Pickett et al. 2001) . The relationship between urban form and land cover, for example, contains Post-Print Version of Conway and Hackworth, 2007 . Urban pattern and land cover variation in the greater Toronto area. The Canadian Geographer/Le G'eographe Canadien 51(1),43-57 4 major voids, particularly for new forms of urbanization (Alberti 2005; Miller and Small 2003) .
These gaps are unfortunate not only because of high rates of global urbanization, but also because the expansion of urban land uses has tremendous localized impacts on the populations of those cities. A better understanding of the interface between urban pattern and land cover could specifically assist the development of policy that ameliorates attendant problems, and generally assist the goal of building an "ecological city" (White 2002 ).
This paper attempts to address some of these gaps by examining the relationship between land cover and urban pattern in the Greater Toronto Area. In particular, measures of development pattern that reflect specific aspects of density, grain, and function, as well as socioeconomic characteristics are analyzed to systematically explore the effects of urban pattern on land cover heterogeneity. A simple vegetation index (NDVI-the Normalized Difference Vegetation Index) extracted from a 1999 satellite image is used to represent land cover because the focus of the paper is on disentangling the influential components of urban pattern 
URBAN PATTERN AND ECOLOGICAL CONDITIONS
In response to a growing interest in the ecology of urban areas, McDonnell and Pickett (1990) suggest an urban-rural gradient approach to studying urban ecological conditions. Built factors are thought to be equal to or supersede biophysical factors governing ecological conditions in urban landscapes, so a gradient of urban intensity provides a way to study the dominant influence on urban ecological conditions. In particular, urban-rural gradients represent a unique situation where "experimental" conditions with varying levels of urbanization exist that researchers are otherwise unable to create (McDonnell and Pickett 1990) . Most urban-rural gradient studies delineate one or more linear transects across a metropolitan area, using a moving window approach when relying on remotely sensed data (Luck and Wu 2002) or discrete plots along the gradient for field data collection (McDonnell et al. 1997) . Such an approach has now been used to examine land use (Luck and Wu 2002; Zhang et al. 2004 ), vegetation and other land covers (Medley et al. 1995) , species diversity (Blair 1996; Sukopp 1998), microclimate variation (Miller and Small 2003) , soil processes and pollution (Pouyant and McDonnell 1991; Pouyant et al. 1995) , and water quality (Wear et al. 1998 ).
While gradient studies have provided a foundation for understanding urban ecological conditions, the approach implicitly assumes that cities are monocentric, with outward gradients of decreasing density. However, many metropolitan areas are polycentric entities sprawling in fractal or spider-like configurations (Batty and Xie 1996; De Keersmaecker et al. 2003; Longley and Mesev 2000; White and Engelen 1993) , indicating that the gradient approach many not capture all of the relevant built dimensions. Alternatively, Alberti (1999) identifies a total of four urban development pattern components that likely interact with ecological factors at the metropolitan scale: density, grain, connectivity, and form. Density refers to the population, Post-Print Version of Conway and Hackworth, 2007 . Urban pattern and land cover variation in the greater Toronto area. The Canadian Geographer/Le G'eographe Canadien 51(1),43-57 6 employment, or building density variation that is often assumed to occur along urban-rural gradients. Grain represents the diversity of functional uses, while connectivity refers to the circulation of people and goods across a landscape. Alberti defines form as the level of centralized or decentralized development in a metropolitan area 2 .
To date, only a few studies have evaluated the influence of urban pattern on ecological conditions beyond simple density or urban-rural gradient measures. Stone (2004) looked at the relationship between impervious land cover and street pattern in addition to lot density and several site level variables. Wilson et al. (2003) found that variations in urban vegetation cover
were statistically different between zoning classes in the Indianapolis metropolitan area, but they did not examine the configuration of those classes nor reasons for between class variations. Hope et al. (2003) investigated the impact of distance from city centre on plant diversity, but determined that current and past land use, housing age, and household income were better correlated with diversity in their Phoenix metropolitan study area.
There is also growing evidence that socioeconomic factors play a key role in urban ecosystem interactions. In the Chicago area, Iverson and Cook (2000) found household income highly related to land cover composition. A Phoenix-based study focusing on residential neighbourhood parks indicated that even urban parkland's plant diversity is a result of a "luxury effect" reflecting neighbourhood socioeconomic conditions (Martin et al. 2004 ). These results lead Kinzig et al. (2005) to suggest that inclusion of socioeconomic variables into traditional urban-rural gradient studies can improve explanations of intra-urban biodiversity patterns.
In a major North American metropolitan area such as Toronto, we would expect that a simple distance to city centre measure would not be a good predictor of land cover or broader ecological heterogeneity given the complexity of urban pattern present and previous findings from other regions. Instead, more specific aspects of urban development pattern, coupled with local socioeconomic characteristics, are likely the primary drivers of ecological variation in such settings. The following section describes the methods used to systematically detangle development pattern and socioeconomic factors that are related to land cover conditions in the Toronto area.
METHODS

Study Area
The study area includes the five regional municipalities that make up the Greater Toronto Area (GTA) in southern Ontario (Figure 1 ). The remnant shoreline from glacial Lake Iroquois divides the 5,902 km 2 region into two main physiographic areas. South of the glacial lake's shoreline is a sandy plain stretching 2 to 10 km to Lake Ontario. North of the remnant shoreline is a gently sloping clay and till plain. A series of glacial moraines exist along the northern edge of the study area, while the Niagara Escarpment crosses Halton Region in the West. Several river systems transect the region, primarily draining into Lake Ontario. Vegetation is composed of the Great Lakes-St. Laurence mixed forest type and Carolinian species like the tulip tree (Liriodendron tulipifera), sycamore (Plantanus occidentalis), and chestnut oak (Quercus prinus) (Wickware and Rubec 1989) .
Most of the region was cleared for agriculture in the 19 th century. The original city settlement and several other small towns were located on the sandy plain between the Lake Though no two urban landscapes are perfectly identical, the GTA possesses a variety of structural characteristics that make it suitable for a study of this sort. In particular, it has elements of polycentric growth but still retains an economically significant downtown core. It also displays an interesting combination of dense inner city urban structure, with diffuse autocentred suburban growth. At least one geographer has even suggested that these features (and others) place Toronto on the vanguard of urbanization for North America (Lemon, 1996) .
Though we do not wish to enter this debate here, we do argue that Toronto possesses a mixture of characteristics that make it useful for a study of urban form in North America.
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Land Cover Data
The Normalized Difference Vegetation Index (NDVI) was chosen to represent land cover because it is strongly correlated with urban land cover type (Fung and Siu 2000) , and provides additional information about the amount of green biomass present (Tucker 1979 ). The index is also correlated with broader ecosystem processes, like the level of photosynthetic activity (Reed et al. 1994 ). The index is a ratio of near infrared (NIR) and visible red (R) reflective values defined by the following formula:
Highly vegetated areas have an NDVI value closer to 1, while locations dominated by water, impervious surfaces, or bare soil have values closer to -1.
In this study, NDVI was calculated from Landsat 7 ETM+ satellite imagery. The imagery has a cell size of 30 m, an appropriate resolution for metropolitan-wide studies of NDVI variation (Wilson et al. 2003) . Two images were needed to cover the study area. Images 
Urban Pattern and Socioeconomic Variables
Ten variables were included in the analysis to reflect neighbourhood or site-level components of urban development pattern (Table 1) . While metropolitan-wide measures, such Post-Print Version of Conway and Hackworth, 2007 . Urban pattern and land cover variation in the greater Toronto area. The Canadian Geographer/Le G'eographe Canadien 51(1),43-57 10 as degree of centralization, were not considered, the characterization of urban development at finer scales enables the exploration of intra-metropolitan variations. The first variable is distance from city centre. The centre was defined as the core financial district identified by the City of Toronto. Three additional variables representing urban density were also included: parcel size, population density, and road density. Population density represents the number of people per square kilometre in each census dissemination area. Dissemination areas contain a population of 400 to 700 persons, and are the smallest geographical unit for which all census data is released.
Road density was measured within a 1.0 km neighbourhood following Geoghegan et al. (1997) .
Six other variables were included to represent additional aspects of urban development pattern. Age of housing was determined based on the dominat age of construction for a given dissemination area. Two variables associated with neighbourhood diversity, similar to Alberti's Like road density, neighbourhoods were defined by the 1.0 km surrounding area.
Post-Print Version of Conway and Hackworth, 2007 . Urban pattern and land cover variation in the greater Toronto area. The Canadian Geographer/Le G'eographe Canadien 51(1), 43-57 11 To capture socioeconomic and site conditions, seven additional variables were included in the analysis. Median household income and average value of dwelling unit were included to represent household economic conditions. The average number of rooms per housing unit is included as a proxy for building size. The above variables are all based on the 2001 Census data for a given dissemination area, so more localized variations are not captured 3 . However, Hope et al. (2003) concluded that US census block data, which are similar to dissemination area data, is appropriate for this type of analysis.
At the site level, land use and several variables reflecting view were identified. View variables were included because previous research in urban landscapes has suggested that property owners prefer a view of certain features over others (Kaplan 2001) . Given the lack of topographic variation across the region, viewsheds were defined using a 0.1 km neighbourhood around each sample point, following Geoghegan et al. (1997) . Similar to neighbourhood uses, views of parkland and greenspace (parkland and open land) were examined.
If the study area represented a monocentric city with an outward density gradient and NDVI is primarily determined by urban density, then we would expect NDVI to be highly correlated with distance to city centre. A stronger positive correlation between NDVI and the density variables would be seen if urban density is related to NDVI, but density does not decrease as one moves outward from the city centre. We expect that the three density variables 3 Because the census data is based on a spatial unit of analysis much larger than 30 meters, the census variables should be interpreted as representing average neighbourhood conditions rather than cell specific characteristics. In addition, the census data represents conditions two years after the NDVI data was collected. While ideally the data should represent the same time, the ranged of dates captured in this study is similar to previous studies comparing satellite imagery to other data sources (Heymen and Lindsey 2003; Iverson and Cook 2000; Kinzig et al. 2005 ).
Post-Print Version of Conway and Hackworth, 2007 . Urban pattern and land cover variation in the greater Toronto area. The Canadian Geographer/Le G'eographe Canadien 51(1),43-57 12 will be more strongly correlated with NDVI than distance to city centre because greater urban density is typically associated with lower levels of vegetated land covers, but the GTA does not strictly follow an outward density gradient. We expect older construction to be associated with higher NDVI values because those areas have experienced a longer stable period since the last major disturbance (i.e. construction), allowing more biomass to accumulate (Hough 1995).
Alternatively, greater functional diversity is expected to be associated with lower NDVI because such areas are likely to be associated with high land cover heterogeneity. We assume a "luxury effect" exists in the study area due to findings from previous studies (Hope et al. 2003; Iverson and Cook 2000; Martin et al. 2004) . We also expect site-level land use to be related to NDVI, but as many vegetated land covers can exist within one type of land use, land use alone is not likely to be a strong predictor of NDVI. Finally, property-owners with a view of greenspace likely make different landscaping choices than those with a view of industrial or commercial land uses, so we assume that view will be highly correlated with NDVI.
Analysis
Given the size of the study area, a sampling approach was employed in the analysis.
Transects were used to examine the different types of urban-rural gradients that exist within the GTA. Each transect is 2 km wide, originating from the city centre and extending to the edge of the study area (Figure 1 ). The initial transect was created running a line parallel to the major To address the third question, a regression analysis between NDVI and the development pattern and socioeconomic variables was conducted. The variables listed in Table 1 were used in this analysis. The analysis was performed separately on the four transects to determine if factors had varying relationships with NDVI across the metropolitan area. We expect to see such differences given that urban development in the GTA does not fit a simple monocentric pattern, but has highly developed linear corridors (Transects A and D) and sections that have simple outward density gradients (Transects B and C). Correlations using Pearson's moment correlation coefficient were calculated between NDVI and the independent variables. A stepwise linear regression analysis was then conducted to determine the level of variance explained by the urban development pattern and socioeconomic variables. further from the city centre, reflecting the nearly continuous high density urban development along the lakeshore from the city centre across to western Halton. High levels of variation in NDVI at similar distances also suggest that distance to city centre alone cannot be used to explain metropolitan-wide variations in NDVI.
RESULTS
Transects
Given that land uses along each transect are distributed unevenly, can the variation in NDVI be explained by land use? The ANOVA results indicate that significant differences exist An examination of the correlation results indicate that other factors, beyond distance to city centre and land use, are also related to NDVI levels (Table 2) . For Transect A, the variables most strongly correlated with NDVI are neighbourhood industrial/commercial density, average number of rooms, percent road view, neighbourhood road density, and percent greenspace view.
Distance to city centre and population density are only weakly correlated with NDVI indicating that a simple distance or density-land cover relationship does not occur along this transect.
Interestingly, population, average number of rooms, and percent neighbourhood industrial/ commercial are only weakly correlated with distance to centre. These results suggest that the Transect C exhibits the strongest distance gradient as many of the independent variables and NDVI are correlated with distance to city centre: road and population density are negatively correlated with distance to centre city and NDVI, while median household income and average number of rooms are positively correlated. NDVI is also most highly correlated with percent greenspace view, neighbourhood greenspace density, neighbourhood road density, and percent road view. Like transect B, neighbourhood land use diversity has a moderate negative correlation.
NDVI is most positively correlated with the number of rooms, percent of owner-occupied dwellings, distance to city centre, average value of dwelling units, and negatively correlated with percent neighbourhood commercial in Transect D. The "luxury effect" is most obvious in Transect D, with all four socioeconomic variables moderately correlated with NDVI. This is a notable difference from Transect A, the other transect following a development corridor, where only the number of rooms shows a moderate correlation.
The step-wise regression analysis indicates that only 37 to 52 percent of the total variance in NDVI was explained by the development pattern and socioeconomic variables (Table 3 ). In
Transects B and C, distance to city centre explained the most variance. While distance to city centre was also included for Transects A and D, none of the other density variables were incorporated for any of the transects. In addition to distance to city centre, socioeconomic and view variables were most heavily loaded, but the seven to nine variables retained for each transect suggest that no one factor can be used to explain NDVI heterogeneity in the GTA. All r 2 values should be interpreted with caution, however, as results are likely influenced by the collinearity that exists among many of the independent variables.
DISCUSSION
The results of this study support Alberti's (1999) assertion that urban ecological conditions are more than a simple function of distance from centre. We found that the density, function, and connectivity of urban development 4 , as well as socioeconomic factors are all related to metropolitan-wide variation in NDVI. Counter to our initial assumptions, distance to city centre was consistently correlated with NDVI, and more highly correlated than any of the urban density variables, supporting the idea that more complex aspects of urban development pattern and socioeconomic factors related to land cover variations may be oriented along such a gradient. However, only in Transects B and C did distance to city centre have the strongest loading, with variables reflecting connectivity, view, and socioeconomic factors more strongly correlated in the other transects. These results highlight the limitations of assuming that ecological gradients always follow simple urban-rural distance gradients. While some sections of a metropolitan area may exhibit clear distance gradients (Transect C), other parts of the same metropolitan area will potentially follow neither an outward population nor ecological gradient.
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The normally-strong predictor of ecological conditions, population density, shows relatively little or no relationship with NDVI in the GTA. This result may be a reflection of the generally-uniform level of density in residential areas and sharp difference between residential and rural densities that exists in the GTA as compared to many other North American cities.
Correlations with either parcel size or age would support physical space and disturbance regime explanations made by Hough (1995) , but these factors do not seem to be influencing NDVI in the study area. The relatively high level of canopy cover in the GTA and strong urban tree bylaws in many municipalities may negate the typical influence of parcel size and house age.
However, several studies showing such a relationship were based in Phoenix, where differences between undeveloped, newly developed and older neighbourhoods may be more pronounced,
given the desert environment and common practice of planting non-desert exotic species (Hope et al. 2003) .
These results support the role of a "luxury effect" for Transects B, C, and D. More rooms, higher household income, and greater house values are all associated with higher NDVI values. The relatively high correlation for average number of rooms, a proxy for house size, and very low correlation between parcel lot size and NDVI appear to be somewhat conflicting if we assume larger houses are generally on larger lots. But in all transects, the relationship between the average number of rooms and parcel size is extremely weak, indicating that the high positive correlation for rooms is not capturing parcel size effects. Rather, number of rooms is related to wealth as it is highly correlated with median household income and average house value.
Interestingly, the average number of rooms is also more strongly correlated with NDVI than median household income or average house value. Further research should more closely Post-Print Version of Conway and Hackworth, 2007. Urban pattern and land cover variation in the greater Toronto area. The Canadian Geographer/Le G'eographe Canadien 51(1),43-57 examine the relationship between these three variables to address whether there is a "monster house" effect, and if that is separate from the luxury effect that seems to exist.
At first glance the results of the analysis appear to contradict Stone's (2004) concerns that higher density requirements often reduce the amount of urban vegetation cover. However, high density could still be associated with a lower level of vegetation cover as NDVI primarily captures canopy cover, which has positive effects on factors like urban heat flux (Wilson et al. 2003 ), but does not specifically represent conditions under the canopy. Many areas that have high canopy cover in the GTA also likely have high levels of impervious surface and nearly impervious lawn grass underneath, which may mean significant hydrological and species-level impacts still exist.
The surprising lack of a relationship between housing age, parcel size, population density, and NDVI suggests that higher densities and/or newer development do not necessarily mean a localized reduction in vegetation. This is a positive result for regions like the GTA which are working to increase density in existing urban areas as a way to limit encroachment into surrounding greenfields. However, road density is clearly negatively associated with NDVI, so approaches to reduce the length of roads, such as the Canadian Mortgage and Housing
Corporation's reduced road density Fused Grid Model (CMHC 2002) could lead to increases in vegetation. At the same time, the negative relationship between NDVI and greater neighbourhood functional diversity highlights the fact that attention should be paid to vegetated land cover in mixed use development.
For all transects, socioeconomic variables were able to explain a relatively high level of NDVI variance. The tendency for wealthier neighbourhoods to have greater biomass is well documented (Hope et al. 2003; Iverson and Cook 2000) , with Lo and Faber (1997) (Kaplan 2001; Lo and Faber 1997; Sukopp and Hejný 1990 )-are not found as frequently in poorer sections of the region. As a result, planning could focus on increasing green biomass in these areas.
An assumption that is either explicit or implicit in much of the urban ecology literature is that people need to see ecological features in their everyday lives in order to be interested in ecological conservation at home and elsewhere (Norton 2000; O'Connell 1996) . At a very local level, this study supports the idea that people who encounter higher levels of biomass in their neighbourhoods may be more likely to have high biomass on their own property. In particular, the moderate correlations for neighbourhood greenspace and percent greenspace view for Transects A, B, and C suggest that incorporation of greenspace into new developments may lead to increases in vegetation on neighbouring property, irrespective of socioeconomic status.
However, the interactions between protected greenspace and neighbourhood characteristics needs to be examined in more detail, as Martin et al. (2004) found that their was still a "luxury effect" on plant diversity in neighbourhood parks.
Many North American metropolitan areas do not reflect a monocentric pattern, and as a result, the reliance on simple urban-rural gradients or urban density measures in urban ecological studies does not capture many important aspects of urban pattern. Transect C indicates a simple urban-rural density gradient that is related to land cover can exist within complex metropolitan areas. However, Transects A and D explicitly follow development corridors where land cover variation can not be fully explained by density or distance to centre. While simple urban density measures have provided a starting point for understanding urban ecosystems, as Alberti (1999;
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In trying to capture the interactions between land cover, specific components of urban development pattern, and socioeconomic characteristics, several additional factors that may be of equal or greater importance were not considered. First, tree by-laws, zoning regulations, and broader land use policies, as well as variation between municipal policies across the metropolitan area likely also account for some of the unexplained variation in NDVI. Additionally, programs supporting native tree plantings, community gardens, and green roofs may also play a role.
Second, property-level decision making was not considered. While many of the socioeconomic variables can be thought of as proxies for individual decision-making, we are only indirectly capturing the decision-making processes of residents and other property owners. Detailed surveys and property-level assessments are needed to better understand these interactions. Third, ethno-culture factors may play a potentially important role in a diverse region like the GTA.
Zmyslong and Gagnon (2000) found a strong positive spatial autocorrelation for landscaping decisions in urban Montréal, suggesting the central role of neighbour mimicry, although the cause of such mimicry was not explored. NDVI in this study was also highly spatially clustered, which resulted in the use of the spatially stratified sample. Further work should explore this pattern to determine if the autocorrelation reflects the clustering of similar ethno-cultural groups, simple neighbour mimicry, or a combination of the two.
While specific components of urban pattern were examined, NDVI was used as a simple measure of land cover and broader ecological conditions. Although correlations with other 
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Figure1. The location of the study area and four transects. 
